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Abstract 
Plastic anisotropy shows an obvious effect on ductile fracture (static and dynamic) of X100 pipeline steel. The crack tip 
constraint caused by crack depth and specimen geometry influences the crack growth resistance as well. In a recent attempt to 
identify the effect of plastic anisotropy on crack growth resistance of X100 pipeline steel, a dependent relationship between the 
anisotropy and crack tip constraint has been observed. In this study, the complete Gurson model is used to study the effects of
constraint on ductile crack growth behavior to evaluate anisotropy of X100 pipeline steel. Crack growth resistance curves for 
plane strain, mode I crack growth under large scale yielding conditions have been computed. SENT specimens with different 
crack depths have been selected. It has been found that the influence of anisotropy on ductile fracture resistance is depended on 
the crack tip constraint. 
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1. Introduction 
Economic studies have shown that development of oil and gas transportation over long distances requires the use 
of high-grade steels whose mechanical properties allow to substantially increase the internal pressure for a given 
pipe thickness [Tanguy et al., 2008]. Research projects have focused on the development of API grades X80 and 
X100 [Hillenbrand et al., 2004], in which X100 arouses the most interest from industries in past decade where 
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several X100 trials or demonstration lines have been built [Zhou et al., 2008]. Some problems still need to be solved 
to ensure the security of X100 high-pressure pipeline, such as crack initiation and ductile crack propagation for 
assessment of pipeline structural integrity. This requires further studies on ductile damage of X100 steels to 
accurately characterize ductile crack growth behavior. Since large rolling deformation imposed on X100 plate to 
obtain quite thin thickness, anisotropy in X100 pipes has been found due to severe difference of texture existing 
along rolling direction (L) and transverse direction (T) . Therefore, the influence of anisotropy of X100 lineppipe 
material on mechanical behavior needs to be recognized, especially the effect on the crack growth resistance. It is 
now well understood that crack tip constraints due to specimen geometries, loading modes and yield strength 
mismatches [Xu et al., 2009] affect crack resistance. The standard single edge notched bending (SENB) specimen 
with crack depth of a/W=0.5 has a significantly higher geometry constraint than actual pipes with circumferential 
surface cracks, which therefore introduces a high degree of conservatism in engineering critical assessment (ECA) of 
pipes [Xu et al., 2010]. Recently, single edge notched tension (SENT) methodology [Nyhus et al., 2003 and Nyhus 
et al., 2005] by identifying a SENT specimen(s) to match the crack tip constraint of cracked pipe sections have been 
developed, and a guideline called ‘‘Recommended practice DNV-RP-F108’’ has been built for testing [14]. This 
guideline specifies that it is safe to use SENT specimens as long as the crack depth in the SENT specimen is deeper 
than the cracks in the pipe. To obtain a deep understanding of the relationship between the constraint, anisotropy and 
ductile fracture resistance of pipeline steels, some mechanical tests have been conducted to study the anisotropy 
behavior in mechanical performance X100 linepipe. Then a numerical study has been carried out to investigate the 
effects of crack depth for SENT specimens on ductile crack growth behavior to evaluate the anisotropic behavior of 
X100 linepipe material.  
2. Experimental 
The mechanical tests on X100 linepipe material was carried out along the different material directions using 
several specimen geometries which are presented in Fig.1. All tests were performed at room temperature on a servo-
hydraulic testing machine. Tension tests were conducted on smooth tensile bars in terms of ASTM E8 to determine 
the hardening behavior along L and T directions. Strain rate equal to 1h10-3 s-1 is kept constant during the test. 
Charpy impact tests were performed in accordance with ASTM E23.Charpy V-notched specimens were cut from 
X100 pipe body both along L and T direction and tested on a 3-point bending setup in a standard instrumented 
Charpy testing device with a striker impact velocity equal to 5.2ms-1 (impact test) . Crack growth resistance was 
investigated using SENT specimens which were fatigue-precracked in order to obtain an initial crack length equal to 
a/W=0.3. The J-a resistance curve was determined using multi-specimen in accordance with Recommended 
Practice DNV-RP-F108 [DNV-RP-F108, 2006]. The ductile crack extension was determined from direct 
measurements of crack advance of specimens which were broken at liquid nitrogen temperature after unloading. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 samples for mechanical tests: (a) smooth tensile bars, (b) Chirpy V-notched specimen, (c) single edge nortched tension (SENT) specimens 
(H= 4W, W=2B; B=7mm, W=14mm; a/W=0.1, 0.3 and 0.5). 
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Table 1 gives mechanical properties of X100 linepipe obtained along L and T directions. Anisotropy in terms of 
yield stress and ultimate tensile stress (UTS) exists, in which the difference of yield stress between L and T is up to 
7%. The uniform elongation (UE) is less than 6% evidencing the poor work hardening capacity of the material, and 
the difference between L and T is not so large. The anisotropy can be also observed both on dynamic fracture test 
(Charpy) and static fracture test (SENT), in which the difference between L and T of two tests is around 11%.  
Table.1  Tensile (Rp0:2: flow stress at 0.2% plastic strain, UTS: ultimate tensile strength, UE: uniform elongation), Charpy (USE: upper shelf 
energy) and toughness properties 
Loading direction Rp0.2 (MPa) UTS (MPa) UE (%) Charpy USE (J) J0.2 (kJ/m2) 
L 680 848 5.1 301 945 
T 844 868 4.4 268 837 
3. Model for ductile damage-the complete Gurson model (CGM) 
Ductile crack growth in metals is a result of nucleation, growth and coalescence of microvoids. A large number 
of investigations have been made in developing the constitutive models for elastic–plastic materials incorporating 
void mechanisms and the best model appears to be the one originally introduced by Gurson [Gurson et all., 1975] 
and later modified by Tvergaard and Needleman [Tvergaard et al., 1981, 1982 and 1984], which thus is mostly often 
referred as Gurson–Tvergaard–Needleman (GTN) model. The yield function of the Gurson–Tvergaard–Needleman 
model has the following form: 
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where q is the von Mises stress,  fσ is the flow stress which is a function of plastic strain, f is the void volume 
fraction and 
mσ  is the mean normal stress component. q1 and q2 are constants introduced by Tvergaard [Tvergaard et 
al., 1981and 1982] to modify the original Gurson model. In this study, fixed values of q1 =1.5 and q2 =1.0 are 
applied as usually been taken in the GTN model in this work. Due to the incompressible nature of the matrix 
material, the growth of existing voids can be expressed as: 
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where pε is the plastic strain tensor and I is the second-order unit tensor. There are two different coalescence 
criterions used in the literatures, the so-called critical void volume fraction criterion and Thomason’s plastic limit 
load model [Thomason et al., 1984]. The former one was empirically used in the Gurson model, which assumes that 
the void coalescence to occur when a critical void volume fraction, fc has been reached. The void coalescence ends 
when the void volume fraction reaches another value-the void volume fraction at final failure, fF. Tvergaard and 
Needleman [Tvergaard et al., 1984] introduced a function that amplifies void growth to simulate the void 
coalescence process: 
c
for f f
( ) for f f
c
u c
c c
F c
f
f f ff f f
f f
∗ ∗
                               ­
°
=  
−®
+ −       °
−¯
İ
˚
                                                                     (3) 
where 
1
* /1 qfu = . When f > fc, f* replaces f in Eq. (1). In deriving the Gurson model, only homogeneous deformation 
has been considered. Thomason later suggested that the localized deformation mode of void coalescence should be 
treated differently. There is a “competition” between these two deformation modes in Thomason’s plastic limit load 
mode. At the beginning, small voids could deform independently with each other. With further development of 
plastic deformation, the stress for localized deformation decreases and therefore the localized deformation mode will 
eventually become dominant. By combining the Gurson model and Thomason’s plastic limit load model, a complete 
Gurson model was obtained by Zhang [Zhang et al., 2000], in which the whole ductile fracture process, including 
void nucleation, growth and coalescence can be simulated. The complete Gurson model was implemented into 
ABAQUS using a user material subroutine UMAT developed [Zhang et al., 1995]. 
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4. Finite element simulation and discussion 
The stress-strain behavior for input of numerical calculation in this study is engineering stress-strain curve 
derived from experiments. The geometrical configurations of specimens are schematically shown in Fig. 2(a). In 
order to study the effect of crack tip constraint on ductile fracture behavior, a large variation of crack depths should 
be covered. Therefore, SENT specimens with three different crack depths, a/W= 0.1, 0.3, and 0.5, are selected for 
this purpose. Due to the symmetry, only one half of the specimen was modeled in the finite element analyses and 2D 
plane strain model with 4-node elements (ABAQUS type CPE4) has been used for the parameter study. A remote 
homogenous displacement controlled boundary condition (clamped) was applied for the SENT specimen. The 
region with uniform element size extends to the width of the specimen and 3.0 mm above the symmetrical interface 
is used to simulate the ductile crack growth. The element size is 0.1h0.1 mm in this local region except for 0.1 
*0.05 mm for a single row representing the damage layer along the crack growth path. The finite element mesh and 
crack tip mesh arrangement in the local region are displayed in Fig. 2(b) and (c). The CTOD/CMOD-value is 
extracted from a fixed node in front of the initial crack tip, which can be seen in Fig. 2(d). The element is assumed 
to fail (e.g. see the deformed elements along the damage layer in front of the crack tip in Fig. 2(c)) when the void 
volume fraction reaches a certain value fF, according to the relation fF =0.20 +f0 used in the complete Gurson model 
in the present study. Estimating crack growth, ¨a, was then executed by multiplying the original element length (0.1 
mm) with the number of damaged elements. 
 
                            
Fig.2 schematic plot of specimens. (a) SENT; (b) finite element mesh; (c) crack tip mesh arrangement; (d) CTOD-node. 
4.1 Effect of initial void volume fraction  
In the complete Gurson Model, for numerical simulation of ductile crack growth of material, the initial void 
fraction f0 is an important parameter determining the ductile crack growth on the basis of its voids coalescence 
criteria [Zhang et al., 2000]. In this study, the effect of f0 on the ductile crack growth behavior was firstly 
investigated through observing the variation of CMOD-R curve of SENT specimens. As Fig. 3 (a) shown, with the 
increase of f0, the fracture resistance of material gradually decreased. This is consistent with the observations 
obtained in the previous works [Xu et al., 2009]. A methodology for obtaining the feasible f0 had been founded in 
previous works through comparison between experimental and simulation results on tensile bars both with and 
without notch [Zhang et al., 2000]. Actually, a set of similar experiments were performed in this study; however, 
quality of the data were not satisfactory, the related results were not shown in this paper. As a remedy, we compared 
the load-CMOD curve of SENT specimen simulated for different f0 with experimental one as shown in Fig.3 (b). It 
can be found that when f0=0.0005 the simulation curve is much closer to experimental result. So, this value would be 
used in following investigation on ductile crack growth behavior of X100 linpipe material. 
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Fig. 3 the effect of initial void volume fraction on ductile crack growth of SENT specimen (B = 7mm, W = 14mm): (a) CMOD-R curve, (b) 
Load-CMOD curve. 
4.2 Effect of crack depth on crack growth resistance 
The calculated CTOD-resistance curves for SENT specimens both along L and T direction are presented in Fig. 
4. In these cases, initial void volume fraction is f0 = 0.0005 as mentioned in section 4.1. It can be observed from 
Figs. 5 (a) ~ (b) that, the CTOD-R curves are similar at the very beginning for all the models with a/W =0.1, 0.3 and 
0.5. This is consistent with the observations obtained in the previous works [Hancock et al., 1993], in which a weak 
dependence of the fracture resistance on crack depth at the onset of crack growth has been found. With further crack 
growth, a higher resistance curve was obtained for the shallow cracked specimens loaded in tension. This result 
implies that the crack growth resistance is remarkably influenced by constraint resulted by crack depth. Meanwhile, 
a same tendency can be found that the difference for the resistance curves among the different crack depths seems to 
be very close for both L and T specimen. That is, the difference of resistance curves between specimens with 
a/W=0.1 and a/W=0.3 is obvious after onset of crack growth. While, the difference for resistance curves between 
specimens with a/W=0.3 and a/W=0.5 is not large.  
 
 
 
 
 
 
 
 
 
 
 
 
                 
Fig.4 Resistance curves of SENT specimen(B = 7mm, W = 14mm) for a/W = 0.1, 0.3 and 0.5: (a) Longitudinal, (b) transverse. 
4.3 Effect of anisotropy on crack growth resistance 
In section 2, an evident anisotropic behavior of X100 linepipe material was reported. The calculated CTOD-
resistance curves for SENT specimens with pre-crack a/W=0.1, 0.3 and 0.5mm are shown in Fig. 5. It can be found 
from Fig. 5 (a) that the difference of crack growth resistance between L and T specimen is quite small during the 
whole crack growth as a shallow pre-crack introduced. When pre-crack size increased to a/W=0.3 and 0.5, the 
b a 
b a 
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discrepancy of CTOD-R curves between L and T specimen becomes relatively high, and with further crack growth, 
this difference turns to be much larger (see Fig. 5 (b)~(c)). It can be concluded that the anisotropic behavior of crack 
growth resistance of X100 linepipe material is clearly dependant on the constraint level at crack tip, and the 
anisotropy of fracture resistance becomes more pronounced as constraint improved. 
 
           
           
Fig.5 Resistance curves of L and T specimen with geometry B = 7mm and W = 14mm: a/W=0.1, (b) a/W=0.3, (c) a/W=0.5. 
For the same amounts of crack growth, ¨a =0.1, 0.6 and 1.1mm, the corresponding CTODs for both L and T 
specimens with different crack depths are plotted in Fig.5 (d). For the initiation toughness (¨a =0.1 mm), the effects 
of crack depth is relatively small. With further crack growth, ¨a=0.6 and 1.1 mm, the effect of crack depth turns to 
be even significant. Here, the variation of the difference of crack resistance between T and L due to crack depth is 
much more worth of being investigated. At beginning of crack growth (¨a =0.1 mm), the CTOD of L and T 
specimen for every crack depth is very close, the difference of CTOD between L and T is only 1.7%, 2.0% and 2.7% 
respectively for crack depth a/W=0.1, a/W=0.3 and a/W=0.5, which indicated that anisotropy on fracture resistance 
is not sensitive to the early stage of crack growth. When the crack extended to, for example ¨a =0.6 and 1.1 mm, the 
difference of CTOD value between L and T specimen for each crack depth becomes significant. Furthermore, the 
difference of crack resistance between L and T specimen is enlarged as crack depth increases. For instance, When 
crack growth is ¨a =1.1 mm, the difference of CTOD between L and T specimen is 4.4%, 6.6% and 8.9% 
respectively for each crack depth accordingly. It can be comprehended that the anisotropy of crack growth resistance 
will get much severe as crack tip constraint enhanced by the deep crack in the SENT specimen.   
5. Conclusions  
In this study, an obvious anisotropic behavior has been observed through laboratory. The complete Gurson model 
has been used to predict ductile crack growth resistance curves. 2D plane strain FE analyses have been carried out to 
study the effects of initial void volume fraction, crack depth and anisotropy on ductile crack growth behavior for 
SENT specimens. With regard to the crack depth effect on ductile crack growth resistance, it has been found that 
CTOD-R curves display a remarkable dependence on crack depth, in which a higher resistance curve is obtained for 
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the shallow cracked specimens due to the lower crack tip constraint. However, it should be noted that, when 
comparing the CTOD-R curve of L and T for each crack depth, the difference between L and T specimen is 
gradually enlarged as crack depth increases. It reveals that anisotropy of crack growth resistance will appear much 
severe as crack tip constraint enhanced by the deep crack embedded in specimen.   
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